INTRODUCTION
In the last fifteen years or so, tremendous progress has been made in analogue filter research and development, however, testability of analogue integrated filters is still rather unstructured since testability is not yet a precisely defined term in the analogue world. Consumer electronic systems often require Designs-for-testability (DFT) techniques as well as built-in self-test structure for analogue and mixed-signal ICs. DFT for analogue circuits is one of the most challenging tasks in mixed-signal ASIC design due to the sensitivity of the circuit parameters with respect to component variations and process technologies. Furthermore the number of I/0 pins of analogue IC is relatively small compared to that of the digital circuits, the complexity due to continuous signal values in the time domain and the inherent interaction between various circuits parameters make almost impossible to design an efficient DFT for functional verification and diagnosis. Therefore an efficient DFT procedure is required which uses a single signal as input or self-generated input signal and has access to several internal nodes and the output must contain sufficient information about the circuit under test [1] [4] models the oscillator structure with a basic feedback loop. The feedback methodology can be used to convert the KHN OTA-C filter [5] to an oscillator and establish the oscillation condition in its transfer function.
The oscillation-based design for testability for KHN filter is discussed because the filter has some attractive features and applications. For The cut-off frequency co0 and the quality factor Q can be derived as
9.3 9.1C2 (3) Above equation shows that the quality factor Q can be tuned independently without affecting the cut-off frequency co0 of the filter.
To put the filter into oscillation with constant amplitude the quality factor must be sufficiently high. In the other words the network will oscillate with resonant frequency co0 if quality factor Q-*oo. By closing the switch Sn, and opening Sp, the filter network will convert into an oscillator and the poles of the resulting oscillator are given by:
From equation (3) we can see that the condition for oscillation will be satisfied if gm3 =0 without affecting the resonant frequency. In Fig.1 Each fault type is modelled for PSPICE simulation using either a low impedance of 1OQ for SSF or high impedance of 1OOMQ for SOF. All parametric faults are considered to be in transconductance, aspect ratio, channel width, channel length and the capacitance of the capacitors. The testable KHN OTA-C filter in Fig.1 was simulated using PSPICE level 7 models in 0.25,um CMOS technology for verification of the proposed OBT structure. The filter was designed to have a cut-off frequency of 35MHz with a unity quality factor Q using operational transconductance amplifier given in Fig.2 . An equal transconductance design was adopted with gm =830jS and circuit capacitances Cl = 5.88pF and C2 = 2.44pF. The simulation results confirmed that the self-start stable oscillation of the filter is achieved by the circuit modifications described in section 2.
The simulation results demonstrate that the circuit with MOS switches has similar performance to the original filter except the cut-off frequency of 33MHz which was slightly shifted from the designed value. The analysis of the AC responses shows that the negligible pole frequency movement and insignificant total harmonic distortion are produced due to the parasitic capacitances and nonlinearity of MOS resistance.
Furthermore, the frequency of oscillation in the test mode shown in Fig.3 with built-in MOS switches is very close to the cut-off frequency of the filter. The fault-free oscillation frequency was 32MHz including the parasitic capacitance of the filter and MOS switches.
The values of MOS switch resistance are selected such that they have negligible effects on the pole frequency and the new zeros introduced by the switches are outside the filter bandwidth.
To quantify the fault coverage and the efficiency of the OBT strategy a number of different faults were injected into the filter under test according to the methodology described in section 3. To determine the undetectable tolerance band of frequency, a Monte Carlo analysis, considering 5% tolerance for all components was performed. The Fast Fourier Transforms (FFT) of the resulting output signal is illustrated in Fig.4 , showing that the oscillating signal has lower and upper frequency deviation bounds of -3.25% and 4.75% respectively. The faults which produced oscillation frequency deviation outside this tolerance band were considered detectable. The comprehensive fault-modelling list and fault detection results for the KHN filter are given in Table 2 . The sensitivity of frequency deviation with respect to the injected faults depends upon the relationship between the components and the oscillation frequency in equation (2) . All the catastrophic faults and most of the parametric faults are detectable except a small number of parametric faults in the output mirror transistors and gm3. These faults can not be detected because output mirror exhibit frequency deviation below the tolerance limits and gm3 is not in the oscillator circuit. Overall fault coverage of more than 84% has been obtained. Table 2 summarizes the results obtained from PSPICE simulations considering data extracted from the modified KHN filter. Altogether, 81 faults were injected into the testable filter, including parametric faults with ±10% to ±50% deviations in parameters, as described in section 3. The 58 parametric faults were detectable and most were diagnosable, except those which produced similar frequency deviations. Catastrophic faults were considered as shorts and opens in the components and between interconnections. All catastrophic faults were detected, but difficult to diagnose, especially those faults that saturated the filter under test. From above results it is clear that the very high success ratio was obtained for parametric and catastrophic faults detection. 
